Abstract.The crystal structure of senandorite (andorite VI) was determined taking into account the results of substructure analysis. All Sb atoms form trigonal pyramids, each with three S atoms. All of these pyramids participate in forming two types of polymerized Sb-S units; one, an Sb14SZ8group extended along the c axis; the other, an isolated SbzS4 group. Six non-equivalent Ag atoms each form deformed octahedra with sixS atoms. Three of these sites have four short Ag -S bonds tetrahedrally arranged. Sulphur atoms that bridge SbS3 pyramidal groups do not enter * Deceased Correspondence to he sent to:
the tetrahedral AgS4 coordination, which is attributed to the steric difficulties encountered.
Introduction
The andorite series represents a structurally related series of sulphosalts minerals which crystallize in the monoclinic or orthorhombic systems having orthogonal or nearly orthogonal lattice constants of a = 13.0, b = 19.2, c = (4.3 x n) A, with n = 2, 4,6, or 24. A species reported to be that ofn = 12 is actually an intergrowth between those of n = 4 and n = 6 (Donnay and Donnay, 1954) . According to the nomenclature proposed by Moelo et al. (1984) , the species with n = 2 (monoclinic) is ramdohrite or fizelyite, that with n = 4 (monoclinic, andorite IV of Donnay and Donnay, 1954 ) is quatrandorite, n = 6 (orthorhombic, andorite VI of Donnay and Donnay, 1954 ; present study) is senandorite, and n = 24 (orthorhombic) is nakaseite (Ito and Muraoka, 1960) .
After the first report on "ramdohrite" by Ahlfeld (1930) , X-ray studies by Nuffield (1945) revealed that the subcells of the andorite series are very similar to each other. The first structural proposal by Hellner (1958) presented the structure in the subcell of senandorite and fizelyite. Kawada and Hellner (1971) determined the average structure in the subcell of senandorite in which Sb and Ag atoms are distributed statistically in one site. It was suggested there that the statistical sites of Sb and Ag in the subcell of n = 1 are separated into respective sites in the whole structure. The present study was undertaken to determine the structure in the whole unit cell (n = 6) of senandorite.
Experimental
A sample labeled "andorite" from Freiberg (Saxony) was used. It had a metallic luster and dark grey color with no distinct cleavage. Through oscillation photography, a pure six-layered (n = 6) specimen was found among numerous polycrystalline fragments.
Crystal data are as follows: PbAgSb3S6, ideal chemical composition assumed, orthorhombic, space group Pn21a, a = 13. Intensity data were collected on a Philips four-circle diffractometer. Within the range of 0 < sin e < 0.5 (MoKet), 2028 independent reflexions were measured. Omitting reflexions with standard deviation 3 (J(Fo)> Fo, 757 reflexions were used for structure refinement with a weighting scheme of w = 1/(J2. Neutral atomic form factors provided by the International Tablesfor X-ray Crystallography (1974) were used.
Stru~~ure determination
Thestructure of the subcell which was determined by Kawada and Hellner (1971) will be called that of the 1C type. The reflexions of hkl [l == 6(mod12) forh == odd, 1== O(mod12) for h == even] correspond to that cell and will be called"main reflexions". The present study concerns the cell of the 6C type which is a superstructure with the c axis six times the length of that of the lC-type. Preliminary considerations of the intensity distribution of the satellite reflexions in relation with the main reflexions had to be employed for the determination of the structure of the 6C type because the attempt to extend the atomic positions of the 1C type cell with considerations of theordering of Sb and Ag atoms and their displacements from the 1C type parameters was not immediately successful.
It was readily seen that the diffraction intensity distribution of senandorite has a remarkable feature; the intensities of the main reflexions are strong and those of the other layers weak. Moreover, the intensity distribution in hkl and hk (I + 12) are very similar to each other.
Furthermore, there are correlative relations between the main reflexions and the remnant which were adopted as starting points for the structure determination are strongly correlated to that of the main reflexion. These relations are implicative of sinusoidal wave-like displacements which in one periodic cycle, in 0), advances six times the length of the 1C type cell in the c direction corresponding to the 6C type cell; in @ it advances 1.5 times the length indicating a 3C type subcell. The intensities of hkl; 1==(lmainreflex ion :t 3) are strong compared to the other satellites, but have no resemblance in intensity distribution with the main reflexions. In course, a 2C type subcell was also adopted for further analysis. Since there is a periodic recurrence in the I reflexions, displacement in the c direction could be considered to be small for a start.
At the first stage, a trial and error search for the most plausible atomic displacements from average 1C type structure coordinates was done by diversely varying x and y parameters of sets of atoms whose parameters were believed to be weakly correlated. Refinements (ORFLS, Busing et aI., 1962) of the 2C type structure using intensities of only the hkl; 1== (lmainreflexion ::!:: 3) reflexions, and the 3C type using the hkl; 1== (lmainreflexion ::!:: 4) were carried out. The many possibilities of atomic displacements arising by examining the deformation of atoms in the calculated Fourier maps were exhaustively considered. After confirmation of the 1C type structure by refinement using only the main reflexions, the structures of relatively low R factors were chosen as candidates for the ( 11) 0.3801(10) 0.4392(6) 0.0454(4) 0.5(2) Sb(12) 0.3678(11 ) 0.4407 (7) 0.1987(4) 0.8(2) Sb (13) 0.3799(9) 0.4366(6) 0.3720(5) 1.0(2) Sb (14) 0.3867 (11 ) 0.4460 (6) 0.5497(4) 0.3(2) Sb ( 15) 0.3783(10) 0.4414(7) 0.7070(4) 0.5(2) Sb (16) 0.3791(9) 0.4352(6) 0.8654(4) 0.8(2) Sb (21 ) 0.3662(10) 0.0491 (7) 0.0320(4) 0.8(2) Sb (22) 0.3713 (11 ) 0.0506 (6) 0.2066(4) 0.5(2) Sb (23) 0.3725(9) 0.0355(6) 0.3769(5) 1.1 (2) Sb (24) 0.3804 (11 ) 0.0434 (6) 0.5375(4) 0.7(2) Sb (25) 0.3881(11) 0.0409(7) 0.7157(4) 1.1(2) Sb (26) 0.3785(9) 0.0408(6) 0.8725(6) 1.0(2) Sb (31) 0.6464(10) 0.1186 (7) 
Discussion
All Sb atoms in the senandorite structure have a similar coordination; octahedral with three short and three long bonds with the short ones arranged in a coordination hemisphere forming trigonal pyramids with S atoms where one or two S atoms link neighboring pyramids to each other Ag OSb Fig. 1 . The structure of one asymmetric unit. Sb,4S28, Sb2S4 groups depicted. Sulphur atoms that "bridge" SbS3 trigonal pyramids denoted "b".
( Figs. 1, 2 ). This coordination is characteristic of trivalent group VB (nitrogen group) elements; a lone electron pair is situated in the opposite hemisphere. Though a pentavalent Sb coordination which includes two more S atoms giving a square-pyramidal SbSs coordination exists, such as the situation in one of the Sb coordinations in stibnite (Bayliss and Nowacki, 1972) , the Sb -S interatomic distances of senandorite does not show any significant trend towards having two intermediately short bonds distinct from the longest one (Fig. 3a) . Thus, the Sb -S bonds in senandorite are covalent in nature, and all Sb atoms are trivalent. There are two types of S atoms in the SbS3 pyramidal group, those that "bridge" SbS3 pyramids to adjoining ones (bridging, Figure 1 ) and those which do not (non-bridging). Lengths of the bridging bonds are longer than the nonbridging ones (Fig. 3 a) , a feature observed in sulphosalts in which Sb atoms are trivalent (Takeuchi and Sadanaga, 1969) . In an asymmetric unit of senandorite, four of which form the unit cell, there are two isolated Sb2S4 groups, and one chain of Sb14S28 which extends in a direction parallel to the c axis. The formula for this substance can thus be written
Six Ag atoms in an asymmetric unit are coordinated in a distorted AgS6 octahedron, none of them showing the trigonal pyramidal features of Sb. Three of these sites [Ag(2), Ag(3), Ag(4)] have octahedra flattened along facing vertices with Ag atoms shifted from the center considerably to form what can be considered an AgS4 tetrahedral coordination (Fig. 2) . Although the coordination in Ag complexes is usually the linear X -Ag-X type, it changes quite sensitively with different ligands; with S, Se, P, or As, three-or four-coordination is usually the case (Cotton and Wilkinson, 1966 ).The largest S -Ag -S angle in each of the three tetrahedra is 142~1 51o.This angle is, in a regular octahedron, 1800since these S atoms are on facing vertices. As the 5p3 hybrid character appears, the angle approaches the optimal 109028' of a regular tetrahedron. As the bridging Satoms increase in number and participate in the coordination, it becomes no longer possible to consider the Ag coordination to be tetrahedral (Fig. 3 b) . Bridging S atoms evidently affect the Ag coordination considerably. This may be attributed to a molecular nature of the SbS groups resulting in a structural priority which sterically restricts the bridging S atoms more than the non-bridging S atoms.
Deformation of octahedral PbS6 coordination occurs when it shares edges with groups having shorter edges (Takeuchi and Sadanaga, 1969) , in thiscase Sb polyhedra. Although all Pb atoms show eight-fold coordination (Fig. 3c) , two, Pb(1) and Pb(2), have one elongated bond, indicating a partially sevenfold nature. Among the remaining four, Pb(6), which has the
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Diagrams of bond lengths of the Sb coordination. Bonds to bridging S atoms denoted "b", those in the trigonal pyramidal coordination denoted "p". least bridging S atoms and is situated near the end of the Sb14SZ8 chain has the least variance of the eight bond lengths. However, the relation between the number of bridging S atoms and the coordination form is weaker than in Ag, probably because Pb can take several types of coordination depending on its environment. Bonds exhibiting tetrahedral features in Ab(2), Ag(3), Ag(4) denoted "t", those to bridging S atoms "b". Bonds to bridging atoms denoted "b".
The ability of various sulphosalt structures to accomodate lone electron pairs is one of their conditions of stability (Makovicky and Mumme, 1983) . In the present study of senandorite, all of the lone pairs of the SbS groups are more or less directed towards a tubular space extending infinitely along the c direction, which coincides with the "lone pair micelles" described for the average 1C type structure of andorite VI by Makovicky and Mumme (1983) .It has thus become evident that these micelles playa role in deciding the manner in which the SbS groups and other atoms are packed together in the structure of senandorite.
The relations between the variations of the bonds in the Ag coordination and the number of bridging S atoms give implications that the polymerized SbSgroups do have a distinct "molecular" nature, as a unit in the structure. It is obvious in complex salts or molecular crystals that chemical or molecular units take on their unique coordinations. It however seems difficult for ionic crystals, where intramolecular vs. intermolecular distances cannot be easily distinguished, to satisfy the constituents' requirements, which however is accomplished to some extent in senandorite. It is a fair speculation that at high temperatures, minerals of the andorite series all have structures of a 1C or 2C type, whereas through the cooling process, the modulation is frozen in. Since molecular units Sb14SZ8 and SbzS4 can effectively be packed into the structure with complementary relations with the lone pair micelles retained, a coupling with a wave of 1.5C length with a considerable amount of stability is found. The very existence of the molecular groups in senandorite afforded the opportunity to compare otherwise equivalent atoms in various environments with the framework of a single structure.
The above results suggest that there may be ordering into separate sites of atoms in other andorite series minerals which are reported so far as to have mixed sites. Further inquiry of their structures is anticipated.
